MAESTRO, the Microscopic and Electronic STRucture Observatory, currently under construction at the Advanced Light Source (ALS), will be a world premier facility for the study of electronic and structural properties of in situ grown crystals. The new facility will be comprised of several end-stations, including angle-resolved photoemission spectroscopy, µARPES and nARPES end-stations, and a photoemission electron microscope combined with a lowenergy electron microscope (PEEM/LEEM). Redirection of the x-ray beam between the µARPES and PEEM/LEEM end-stations, which are longitudinally separated by 2.5 meters, uses a system of two bendable mirrors, placed in Kirkpatrick-Baez configuration designed for two foci. Here we present the details of the mirrors' design and report on the characterization of the mirrors carried out at the ALS X-ray optical laboratory (XROL). Optimal tuning and calibration of the mirrors was performed using a technique recently developed at the OML [Opt. Eng. 48 (8), 083601 (2009)]. The technique is based on regression analysis of surface slope data obtained with a long trace profiler (LTP). We provide results of tests of temporal and temperature stabilities of the shape of the mirrors. High reliability of the optical metrology with the mirrors has become possible due to a modification of the tuning procedure described in the present article. The modification allows accounting for the gravity sag effect, as well as the LTP systematic error in measurements with significantly curved x-ray optics.
In Sec. 2, we describe design of the substrates and the entire mirrors' assemblies. We show optimization of the substrates' shape in the sagittal direction that allows for bending of the substrates to tangential elliptical cylinders with the use of two couples applied to opposite ends of the substrates. Influence of gravity on the shape of one of the bendable substrate that focuses the beam in the vertical direction was taken into account. We describe new engineering solutions that are implemented in the design of the benders and discuss technical advantages of the design. In Sec. 3 we present optical metrology that was performed with the bare free standing substrates. This is an essential procedure which is performed in order to verify the correspondence of the quality of the substrates to the specifications. Optical metrology with the mirror assemblies is described in Sec. 4 . In this section, we first briefly describe measurements of characteristic functions of the mirror benders, and the consequent procedure of optimal setting of bendable mirrors to desired elliptical shapes which correspond to two sets of focal distances. Then we report measurements on stability of the characteristic functions' form with respect to the shape of the mirror, temporal and mechanical stability of the mirror, temperature dependence and gravity effect on the mirrors shape.
As it was shown in Ref. 5 the results of these measurements are of vital importance for the use of the mirrors on the beamline. For example, in situ tuning of the mirror's shape is simplified with the use of ex situ measured characteristic functions. Only one measurement of an actual shape of the mirror installed on the beamline is needed for optimal setting of the mirror to the desired focusing shape. Such measurement could be performed with a simple scanning slit installed after (or before) the mirror 6, 7 . Only a few points in the tangential direction should be measured 8 . Measurements of linearity of the mirrors assemblies' response to a change of the benders' settings allow us to estimate the accuracy of mirror shaping based on measured ex situ characteristic functions. Characterization of temporal stability of the mirror assemblies gives us an idea of how often re-tuning should be performed. Result of measurement of temperature dependence of the mirror assemblies can be used for in situ tuning of the mirrors shapes without performing additional metrology. Predictions for corrections of the benders' settings can be performed by measuring ambient temperature in the experimental hall of the synchrotron. Applying vibrations of moderate amplitude to the assemblies' vacuum walls we help to relax residual after assembling backlashes and settle mechanical parts of the benders to their stable positions. Moreover, such vibration simulates mechanical impacts on the mirror during its transportation from the XROL to the main floor of the ALS and during its installation on the beamline.
Slope metrology of optics installed in a bulky housing can be performed with the long trace profiler (LTP-II) 9 available in the XROL. The LTP was designed for measurements of optics facing upwards. This mutual arrangement of the optics and the LTP allows for the best possible comprehensive characterization of the bending mechanisms and optimal setting the mirror onto its desired shape. In this configuration the number of the optical elements of the LTP optical sensor is minimal. Measurement of side facing or facing downwards optics requires the installation of additional optical elements (pentaprisms) on the optical sensor the LTP. Reliability of such measurements is considerably lower. 10 In the case when the optics working configuration is different from the face up arrangement a possible influence of gravity on the mirror's shape must be measured. In the end of Sec. 4 we describe measurements of the mirror shape performed for the same benders' settings but for two different arrangements of the mirror: facing upwards and side facing. The difference in the mirror's shapes let us predict additional corrections for the benders' setting when the mirror will be installed on the beamline in its working configuration facing downwards.
The ex situ measurements performed on bendable optics allow for considerable time savings and efforts when tuning the mirror on the beamline regardless of availability of in situ metrology tools.
DESIGN OF THE MIRRORS
The final focusing at the ALS beamline 7.0.2 MAESTRO is made by means of two bendable mirrors arranged in Kirkpatrick-Baez configuration. The mirrors are designed for focusing of X-ray undulator radiation at two focal distances. They operate in ultra-high vacuum conditions. The conjugate parameters of use of the mirrors are given in Table 1 . The first mirror, M213, has orientation of its working surface facing downwards, the second mirror, M214, is oriented side facing.
Optimization of the substrates is performed for the short focus and performance at the long focus is evaluated to ensure requirements are met. Sagittal width of the substrates as a function of the tangential direction is calculated for each mirror by applying beam bending calculations on a constant-thickness beam, and then confirmed by finite element analyses (FEA) of mirror substrates idealized with pure end moments. 12 One is just the substrates to evaluate the effects of the thicker ends (including the holes, see Fig. 2 ) and to make sure that the clear aperture is within the "good" region. The second model evaluates the entire assembly, including the end clamping, side springs, and leaf springs. The model simulates shaping of the mirror by pulling on the leaf springs. Gravity effect was accounted for vertically deflecting M213 substrate. A general view of the finite element model of the mirror is shown in Fig. 1 . In order to meet high quality vacuum demands, the bending moments applied to the substrate ends are through a clamp interface. Thru-holes are incorporated into mirror ends (see Fig. 2 ) and pins are used to clamp metal end pieces to each end of the mirror substrate. In order to evenly distribute loads across the silicon substrate's clamped surface, copper was used as an interface between the substrate and clamping hardware. The clamp design utilizes precision springs to provide adequate preload forces through the mechanism's full range of motion. External motorized stages pull on cantilever springs to provide bending moments at substrate's ends. A twist-compensation adjuster mechanism is incorporated into the internal strong-back plate to provide the ability to compensate for mirror twist that results from fabrication and assembly errors.
The spring-loaded end clamp design was developed using a finite element model of the mirrors mounted in their bending mechanisms. The model was used to ensure adequate preload margin in the end clamps. The system's structural response to displacement of the cantilever springs is dependent on several aspects of the end clamp design, including level of clamp spring preload, spring rates, misalignments between clamping components and fabrication errors at the mirror-toend clamp interfaces. Due to the variability of these different aspects from one clamp joint to another, the finite element Tangential direction model can not inherently predict structural response with high precision. One method to improve the accuracy of the predicted mirror bend for a given amount of puller displacement is to tune the model to reflect assembled end clamp forces and geometry.
In addition to designing end clamp joints, the finite element model was also used to evaluate the effects of assembly misalignments and fabrication errors to ensure a robust design. Misalignments between cantilever springs and end blocks, errors in side springs and misalignments in puller forces were evaluated.
OPTICAL METROLOGY WITH THE SUBSTRATES

Description of the substrates.
Both super polished gold coated Si plane substrates (see Fig. 2 ) were measured at the XROL in order to verify correspondence of their geometrical parameters, surface roughness, and figure error to the original specifications. The overall substrates dimensions are 450 mm (L) × 25 mm (W) × 30 mm (H). The design thickness of the working bendable part of the substrate is (15 ± 0.1) mm, with a parallelism between optical face and back face specified better than 0.020 mm. The mirror blank is a single-crystal silicon substrate. Clear aperture is 300 mm × 15 mm.
The surface figure in the tangential (sagittal) directions must have a slope error not larger than 0.3 μrad (3 μrad) rms from a best fit circle with radius Rt ≥ 5000 m along two tangential and two sagittal lines within the clear aperture (see Fig. 3 ). The rms slope errors are to include spatial wavelengths from 5 mm to the length of the clear aperture. Surface roughness over the polished clear aperture must be less than 8 angstroms rms. The roughness is to be evaluated over spatial wavelengths from 10 to 2000 microns. The quality of the working surfaces of the substrates was inspected with the NIKON ® MM-800 TM measuring microscope. Parallelism of the substrates' bendable parts, their sagittal profiles, and the chamfers' size of the working mirror surface were measured.
Roughness of the gold coated surface of the substrates was measured with the ZYGO ® NewView TM -7300 interferometric microscope.
Slope metrology was performed with the long trace profiler (LTP-II) 9, 10 and the developmental long trace profiler (DLTP) 11 . Shapes of the substrates under gravity load were calculated with the help of ANSYS Workbench engineering simulation software.
The gravity effect to M213 mirror shape was investigated with face up and side facing mirror orientation. 
Characterization of the substrates with the NIKON-MM800 Measuring Microscope
The substrates' surfaces within the clear aperture were initially inspected with the NIKON microscope under bright and dark field illuminations and using differential contrast imaging.
Chamfers of the working surface of the substrate were measured with the NIKON microscope set for bright field illumination and objective 2.5x. Knowledge of the chamfers' widths allow for accurate positioning of the substrates' working surfaces with respect to the incident X-ray beam by means of fiducializing marks of the beamline. As it was shown in Ref. 15 , accurate ex situ alignment of a bendable mirror in XROL is essential before installation on the beamline. It is considerably easier to align the assembly in the lab than do this in situ with rather limited diagnostic and metrology capabilities.
Measurements of the substrates' sagittal width with respect to the tangential direction were taken at 46 points with a step of 10 mm throughout the entire length of the substrates. Measurements of the thickness uniformity of the bendable parts of the substrates were made at 31 points with increment of 10 mm within the clear apertures.
Measurements of the sagittal width were performed with the substrate oriented facing upward. Measurements of the thickness were performed with the substrate oriented facing side. clear apertures are measured to be 2.9 μm rms and 2.8 μm rms for M213 and M214 substrates, respectively. The accuracy of these measurements is estimated to be on the level of 1 μm rms.
Roughness measurements with ZYGO ® NewView TM -7300 interferometric microscope
Thirty one measurements were taken in 10 mm steps along each tangential trace depicted in Fig. 3 . A combination of the 2.5x objective lens with the 1.0x zoom was used. The corresponding size of the instrument's field of view on the sample was 2.509 x 1.882 mm 2 with an effective pixel size of about 3.9 μm × 3.9 μm. This corresponds to the spatial frequency range from 0.36 mm -1 to 113.88 mm -1 .
In order to account for aberrations of the instrumental optics which lead to a systematic error of the measurement, a reference surface was measured and used as a background, which was subtracted from each measurement.
As it is shown in Ref., 13 each objective and zoom combination of the interferometric microscope must be calibrated every time before using the configuration for precision measurement. In the case of a plane surface under test (SUT) the reference surface could be measured against the same SUT. To measure the reference surface one needs to take a number of repeatable measurements over not overlapping and not correlated regions of the SUT. By averaging these measurements, we effectively decrease the contribution of the SUT topology while the contribution related to the systematic error (aberration of the instrumental optics) stays the same. Under the assumption that the instrumental systematic error and the SUT's height distribution are not correlated, the rms value of the actual height distribution of the SUT σ SUT can be calculated as follows 13 :
where σ MES is the rms value of the height distribution of the measurement and K (in our case, K = 8) is the number of single measurements in building of the reference surface. 
Finite Element Analysis of gravity sag
When measuring the flatness of the substrates facing upwards in order to verify their correspondence to the original specifications, gravity sag must be detrended from measured slope profiles. The gravity sag of free standing substrates was calculated by FEA. Processing of the FEA results and recalculation of the FEA model's shape from the height into the slope domain is described in details in Ref. 14 . The displacement boundary conditions were applied to three nodes at the bottom faces of the substrates' models as shown in Fig. 5 . The boundary conditions resemble the configuration of the support of the substrates in the course of the slope measurements with the LTP and the DLTP described in the following sections. The results of FEA calculation of the substrates' shapes under gravity load are shown in Fig. 6 . In these calculations the substrates were arranged with their working surfaces facing upward.
The shapes of the working surfaces of M213 and M214 substrates due to gravity are shown in Figs. 6a and 6b respectively. The solid curves present the shapes in the height domain. This shape results from interpolation of the vertical displacements of the nodes of the finite element model (see Ref.
14 for details). The total variation of the gravity 
Slope metrology of the substrates with the LTP and DLTP
To perform the best possible metrology with accuracy of ≤ 1 μrad, surface slope measurement along the tangential traces in Fig. 3 were performed with the LTP-II 9, 10 and the DLTP 11 . The profilers are based on completely different principles. Therefore, their systematic errors are not correlated. By averaging the slope traces obtained with the profilers, we effectively suppress components of the instrumental systematic errors in the resulted slope trace.
In order to account for gravity, calculated gravity sag was subtracted from the measured shape. In the course of the measurements the substrate was installed on a three points support. This support resembles with accuracy of better than 1 mm the support used in the FEA calculations of the gravity sag. The details of the measurement procedure are presented in Ref. 1 and are generally the same as ones in Refs. 7, 8 In the case of the LTP measurements, the substrate mounted on the three points support, was installed on the automated rotating flipping and aligning (ARFA) 16 system. With the ARFA system, high precision slope measurements are possible with a significant suppression of instrumental errors due to systematic effects, set-up drifts, and random noise. 9, 10, 16, 17 These substrates were a perfect sample for the measurement of systematic errors of the XROL slope measuring profilers with bendable X-ray mirrors, as was originally suggested in Ref 18 . The idea of the method is that a slope trace measured over a bent mirror can be thought of as a combination of the slope trace inherent to the mirror substrate, the surface figure due to bending, and the slope variation due to systematic error.
The first step in measuring the systematic error is to accurately measure the slope variation along the SUT which is inherent to the substrate. This must be done with a flat and not bent mirror. Due to relatively small slope variation of a nearly flat substrate's surface, the probe beam of a slope measuring profiler follows almost the same optical path through the optical system of the profiler. The actual variation of the beam position on the profiler's optical elements is much smaller than the beam's transversal size. It leads to the fact that the probe beam encounters essentially the same systematic error, which does not distort the resulted slope profile measured over the flat SUT. Moreover, random noise, instrumental drifts and systematic error of the measuring instrument can be suppressed by averaging many measurements performed with different angular and spatial arrangement of the SUT with respect to the profiler (See Refs. 9, 11, 16 ). Currently, the ALS XROL is capable of an accuracy of slope measurements with close-to-plane substrates on the level ≤ 60 nrad (rms) (See Refs. 1, 19 ).
In the case of the LTP, the measurement consisted of 32 scans, which were averaged. In order to suppress instrumental error dependent on the lateral position, the measurement was split into two runs, each of 16 scans performed for two different positions, centered and longitudinally shifted by 112.9 mm with respect to the LTP. The shift is roughly a half of the SUT clear aperture. Accuracy of the longitudinal positioning of the SUT with respect of the LTP translation system is estimated to be on the level of 100 μm. At each position (centered and shifted), the measurements were performed for two orientations of the SUT (direct and flipped) with respect to the LTP translation system. This allows to suppress even systematic error. 26 For suppression of instrumental drift error, each run consisted of 8 sequential scans performed in the forward (F) and backward (B) scanning directions according to the optimal scanning strategy F-B-B-F-B-F-F-B (see Refs. 17 ).
In the case of the DLTP, the measurement consisted of 64 scans, which were averaged. In order to suppress instrumental error dependent on the lateral position, the measurements were split into two runs, each of 32 scans performed for two different positions, centered and longitudinally shifted by 200.3 mm. Detailed analysis of the DLTP systematic errors is performed in Ref. 26 Accuracy of the longitudinal positioning of the SUT with respect of the DLTP translation system is estimated to be on the level of 100 μm. At each position (centered and longitudinally shifted), the measurements were performed for two orientations of the SUT (direct and flipped) similarly to the LTP measurements. Each run consisted of 16 sequential scans performed in the forward and backward scanning directions. In order to suppress any contribution of a characteristic DLTP systematic error with a period of approximately 280 μrad 11 at each longitudinal position and orientation of the SUT each trace was measured with two runs consists of 8 scans each over the SUT oriented parallel and inclined by ~140 μrad with respect to the optical axis of the autocollimator. Summary of the results of the slope metrology with M213 free standing mirror substrate is shown in Fig. 7 . 
OPTICAL METROLOGY WITH MIRROR ASSEMBLES
A comprehensive characterization of M213 bendable mirror was performed with the LTP-II. Experimental arrangements of measurements of M213 bendable mirror with the LTP are shown in Fig. 8 .
Most of the measurements made with M213 mirror assembly were performed when the mirror was oriented face up (see Fig. 8a . This arrangement allows for better accuracy of slope metrology with the LTP. The slope metrology over the SUT oriented side facing (Fig. 12b) was performed in order to measure the gravity effect with the assembled mirror. In 
Twist correction and measurement of angular orientation of the SUT with respect to the mounting / vacuum flange
The ALS LTP-II is equipped with a 2D CCD camera detector that allows for measurement of sagittal slope variations in the course of normal longitudinal translation of the sensor carriage. This mode of measurement is used to measure and compensate the mirror's twist error. Thus, the initial twist of 158 μrad was compensated to less than 3 μrad (PV).
The orientation of the working surface of the substrate with respect to the vacuum flange of the mirror assembly was measured in order to provide the fiducials for the beamline assembling. These measurements were performed with the help of a plane parallel reference mirror placed on the flange. In order to account for possible wedge between the working top and bottom surfaces of the reference mirror, the mirror was flipped during the measurements and averaged value was taken into account. With this measurement it has been found that M213 substrate is tilted in the sagittal direction (roll angle) by approximately 250 μrad.
Measurement of characteristic functions and linearity of the benders
Measurement of characteristic functions is essential for characterization of bendable mirror assemblies and for optimal setting of bendable optics ex situ in the XROL 21, 22, 23 and in situ at beamlines. 7, 15 The characteristic functions of a bendable mirror in the slope domain are constructed as differences of slope profiles measured over the SUT for three different settings of the benders, normalized on corresponding differences of the bender's settings. With the help of the characteristic functions we can fit the difference between a measured slope profile and the desired ideal slope profile. The results of the fit are setting corrections, which should be applied to the benders in order to optimally tune the mirror to its desired shape. The procedures of measurements and calculations of the characteristic functions as well as optimal settings of bendable optics are described in details in Refs. 21, 22, 23, 24 Due to differential nature of the characteristic functions, they are almost not affected by the SUT's residual slope variation and the instrumental systematic error. Figure 9a shows the characteristic functions of M214 mirror assembly measured over relatively small changes of the benders' settings near the SUT's shape, corresponding to the short focus (Table 1 ). Figure 9b presents the difference between the characteristic functions measured near SUT's shapes, corresponding to the short and long focuses.
The full span of the characteristic functions is on the level of 150 μrad/mm for both benders and both sets of the benders' settings. The differences of the characteristic functions are 5 μrad/mm and 15 μrad/mm for the upstream and the downstream benders, respectively. This suggests that the linearity of the mirror benders when the benders' settings are changed from the short to the long focus or backward is on the level of 3% -10%. (Table 1 ). Black and red curves correspond to the differences of the characteristic functions of the upstream and the downstream benders, respectively.
Optimal setting of the mirrors for two foci
Figures 10a and 10b show the residual, after subtraction of the desired elliptical shapes, slope variations for mirror M214 optimally set for the short and long focusing shapes, respectively. The rms slope error in the short focus (Fig. 10 a) is 0.36 μrad rms, which is higher than that of the measured free standing substrate (Fig. 7) . A noticeable third polynomial shape in the residual slope variation of the short focus shape is due to the fact that the optimization of the focusing performance of the mirror consists in minimization of the size of the focus rather than in straightforward fitting to the desired elliptical shape. 25 The residual slope variation of the mirror set for the long focusing distance (Fig. 10 b) is 0.76 μrad rms and has a pronounced third polynomial shape. In the height domain this is well known bird-like shape. It originates from the fact that the substrate's sagittal width was optimized for the short focus rather than for the long one. 
Comparison of measured and FEA calculated characteristic functions
Reliable FEA calculations of characteristic functions of bendable mirror are needed to numerically optimize design of the mirror assembly. In application to the optical metrology of bendable optics, we can use FEA calculated characteristic functions for optimal shaping of the optics ex situ in the XROL and in situ at beamlines. As it was shown in Ref. Sec. 5. Here we give a comparison of the measured and FEA calculated characteristic functions for M213 mirror assembly. Figure 11a shows two sets of M213 characteristic functions measured in the XROL and the ones FEA calculated. The difference between the measured and the calculated functions is larger than 20%. Supposing linearity of the benders of the assembled mirror and that of the FEA model, we can linearly scale the FEA calculated characteristic functions to the measured ones: Figure 11b presents the difference between the measured characteristic functions and the calculated ones which were linearly scaled. The best fit scaling factors are c 1 = 1.24 and c 2 = 1.22 for the upstream and the downstream functions, respectively. The differences between the measured and the scaled FEA calculated functions a second-order-polynomial like shape. This could be explained by the peculiarities of the design of the substrate's mounts.
Characterization of temporal stability and temperature dependence of the mirror assembly
In order to characterize temporal stability of the mirror shape, the slope profiles measured with 2.5 day time delay were compared. A change (unbending) of the radius of curvature of the SUT during this time was found to be (1200 ± 300) km. The corresponding temporal drift of the surface curvature is as small as 0.4 μrad/m/day. This change of the SUT's curvature may also be related to a change of the temperature in the lab during the period when the mirror was at rest.
To measure temperature dependence of the mirror shape we artificially decrease the temperature in the lab and give time for the mirror assembly to come to equilibrium with the new ambient temperature. Comparison of the SUT's slope profiles measured before and after the temperature change showed that the radius of curvature increased by (600 ± 200) km with decrease of the temperature by 1.4 K. The corresponding coefficient of the temperature dependence of the mirror curvature is 3.5 μrad/m/K. This change looks large comparing with the desired curvature of the mirror. However, the change of the ambient temperature by 1 degree leads to an increase of residual slope variation of the mirror comparing with its optimal shape's residual by a factor of ~10. Knowing the temperature dependence, one can apply a correction of the benders' settings relying only on change of the temperature in the experimental hall.
Measurement of repeatability and mechanical stability of the mirror
The KB bendable system described in this article is designed for two focusing distances. Corresponding mirrors' shapes will be altered a few times per week during their service on the beamline. To check repeatability of returning of the mirror, we repeated the mirror turning from short focus to long focus and backward to the short focus using Tangential Position, mm predetermined optimal settings of the mirror benders. It was found that after returning the mirror to the short focus shape, the radius of curvature was increased by (174 ± 3) km. The corresponding change of the curvature of 6 μrad/m leads to an increase of the residual slope error by ~0.5 μrad (rms).
More profound study of the repeatability of the mirror shape when cycling between the short and the long focusing distance shapes will be performed at the beamline. In order to avoid a brittle cracking of the silicon substrates the intense cycling of the substrates' shape should be performed under UHV conditions. Otherwise, every change of the substrate's shape leads to opening of micro cracks and development of oxide layer on their surfaces. Multiple shape's cycling leads to growth of these micro crack deep into the body of the substrate and, finally, to brittle failure of the substrate.
Note that relaxation of the mirror assembly to a stable state can be significantly speed up by applying a gentle vibration to the assembly.
In order to force relaxation of possible mechanical constraints and backlashes residual after assembling the mirrors, and to simulate mechanical impacts during transfer from the XROL to the installation of the mirror on the beamline, we applied gentle vibrations by means of engraving hand tool. This vibration was applied to different parts of the vacuum flange of the mirror. After a few vibration cycles the change of the mirror curvature became very small < 0.2 μrad/m. This is close to the limit of accuracy of differential measurements with the LTP. This result shows that the mirror assembly is mechanically very stable to external impacts.
Measured gravity effect
Mirror assembly M213 was thoroughly characterized in the face up orientation (Fig. 8 a) . However, at the beamline the mirror will be used in the face down orientation. To measure the gravity effect on the mirror shape we compared the slope profiles measured with the mirror facing up and side facing at the same settings of the benders, optimized for the short focus. The measured change of the surface slope distribution is shown in Fig. 12 . Black curve in Fig. 12a shows the difference of the slope profiles measured over mirror M213 arranged face up and side facing. The difference of the radii of curvatures is (3.405 ± 0.007) km. For comparison, the red curve in Fig. 12a shows the FEA calculated slope profile of M213 free standing substrate under gravity load. Difference between measured and FEA calculated slope profiles of M213 mirror is shown in Fig. 12b .
When the mirror is installed on the beamline in its working configuration of facing downwards, this value is expected to be doubled. Corresponding correction of the benders' settings is required and can be performed based on regression analysis, described in details in Refs.
22,25
MEASUREMENT OF THE LTP SYSTEMATIC ERROR
With the help of bendable mirror M213 we measured the systematic error of the LTP using an approach suggested in Ref. 18 The idea of the method has been reviewed in Sec 3.5. Note that the curve shown in Fig. 13 presents a particular case of the systematic error of the LTP which belongs to a particular part of the instrumental optics. This measurement show the order of magnitude of the LTP systematic error measured over the range of 3 mrad approximately in the center of the measurement range of the LTP.
Analogous measurements of the DLTP systematic error performed with M214 bendable mirror assembly were recently accomplished in the XROL and will be published elsewhere.
DISCUSSIONS AND CONCLUSIONS
In this article on the example of bendable mirrors M213 and M214, designed for the ASL beamline 7.0.2 MAETRO, we presented a methodology of optical metrology of bendable optics developed and routinely used at the ALS X-Ray Optical Lab. The metrology consists of two major cycles. First, bare substrates are subjected for comprehensive measurements of their geometrical parameters, roughness measurements and slope metrology in order to verify correspondence to their specifications. Second, the mirror assemblies are fully characterized and the mirrors are optimally set to their desired shapes.
The ex situ optical metrology resides in-between of the process of design and development of the mirrors and the mirrors usage at the beamline. Thus, ex situ metrology allows the correct of FEA models that can be more reliably used for future optical design. In the case of mirror M213 more than 20% discrepancy between FEA calculated and measured over the actual hardware characteristic functions indicates a fundamental need of a feedback from metrology to the designers of bendable optics. This is particularly true for more detailed FEA modeling and more accurate FEA calculations. At the whole, this will lead to a better understanding of the design of bendable mirrors for synchrotron radiation beamlines.
We have also shown that ex situ metrology allows us to measure the real characteristics of the assembled mirrors such as temporal and mechanical stabilities, temperature dependence, and the linearity of benders. The information, obtained in the lab is crucial for the optimal usage of the mirrors on beamlines, saving expensive and highly demanded beamtime otherwise necessary for in situ characterization and optimization of optics.
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